This paper presents the results of a mission concept study for an autonomous micro-scale surface lander also referred to as PANIC -the Pico Autonomous Near-Earth Asteroid In Situ Characterizer. The lander is based on the shape of a regular tetrahedron with an edge length of 35 cm, has a total mass of approximately 12 kg and utilizes hopping as a locomotion mechanism in microgravity.
Introduction
Aside from the limited compositional information gathered in situ after the landing of NEAR Shoemaker [1, 2] and during two touch-down maneuvers of Hayabusa [3] , no dedicated scientific study has been conducted on the surface of an asteroid yet. Two previous attempts of dedicated landers have been Though a high level of miniaturization of space instruments and landers is currently feasible, the example of MINERVA illustrates that very small landers -also referred to as surface science packages -are very limited in their scientific capabilities. In contrast, complex traditional lander concepts with multiple instruments and objectives, such as the Philae lander on Rosetta [9] , exceed mass and cost budgets of low-cost small spacecraft exploration missions to low-∆v near-Earth asteroid (NEA) targets. contribution to future NEA exploration missions as it is impossible to study micro-scale surface features remotely, making a lander also a key element of DEx. Still, it remained unclear if a lander can fit into the mass limitations of a small spacecraft. As a lander is a fully independent, specialized spacecraft on its own, having fundamentally different requirements and constraints than the orbiter, a separate study was necessary to derive reliable estimates to answer this question.
This lead to the concept study of a small lander called "PANIC", the "Pico Autonomous Near-Earth Asteroid In Situ Characterizer", which has been conducted by a second group in parallel to DEx and also continued after the program. The study's motivation was to determine the feasibility of a microscale lander concept that will provide a balance between spacecraft size and science return. A specific design concept was developed based on information about currently available technologies and hardware estimates. The results of this study will be summarized in this paper.
Mission Objectives & Payload
Remotely acquired reflectance spectra of asteroids are likely altered by processes of "space weathering" (e.g. lower albedo, slope-reddening; see e.g. [12] for details) which hinders their interpretation regarding mineralogical composition and possible links to known meteorites. So far, space weathering effects could only be studied directly using returned lunar soil samples.
To be able to better constrain the composition of NEAs, it is a key scientific interest to study the surface properties and structure on the micro-scale in situ in support of or as an alternative to a sample return. The following main scientific objectives have been defined for a lander mission by the study team as a starting point for further investigations ("straw man proposal"):
1. Characterize the bulk composition and geochemistry. Establish a link between the target body and a meteorite class already known. 2. Investigate the particle size distribution on the surface. A comprehensive payload survey revealed a number of highly miniaturized instruments which had already been developed for previous missions or are currently in development. Table 1 summarizes the selected payload, consisting of four instruments with a total payload mass of about 1.4 kg and the related science traceability.
The Alpha Particle X-ray Spectrometer (APXS) [13, 15] will be used to directly determine elemental abundances at the landing site. The Microscopic Imager (MIC) having a spatial resolution of 6 µm/pixel [16, 17] will investigate the grain size distribution and search for evidence of rims formed by nano-phase 2 © 2011. This manuscript version is made available under the CC-BY-NC-ND 4.0 license. iron on individual grains, a known product of space weathering [18] . A precision linear stage is required to move the APXS to its specified working distance and the MIC to a sequence of focus positions.
A Near-Infrared Spectrometer (NIRS) [19] will be used to study the mineralogy and optical properties at wavelengths of 0.8 -2.5 µm. The mobility of the lander will allow for a variety of surface spectra taken at different locations and under different environmental conditions. These measurements will improve scientists' understanding of optical surface effects such as space weathering, particle size and surface temperature. The results have the potential to constrain the influence of surface effects on NIR spectroscopy.
The Stereo Camera (SC) system [22, 23] will allow imaging of the surrounding terrain in one direction from the lander using its wide-angular optics (> 60°) and measure the distance and size of geological surface features. Acquired imagery after each successive hop will provide a random survey of the surface. The acquired images are also vital for public outreach purposes, since the picture could be the first taken from an asteroid's surface. The stereo approach provides redundancyin case one of both cameras fails, the remaining data will still impart an impression of the landing site.
Basic Approach
The study assumes a target body with a size [25] . The lander needs to be carried by a primary spacecraft which is heading for a rendezvous orbit at the asteroid and releases the lander during a low-altitude maneuver in close proximity. In a matter analogous to both the previously mentioned and several other proposed small body exploration landers (e.g. [19, 28] ), PANIC will employ an uncontrolled passive free fall and a hard landing dependent on suitable deployment from its primary orbiting spacecraft. Additionally, the lander will have self-righting 3 © 2011. This manuscript version is made available under the CC-BY-NC-ND 4.0 license.
capabilities to enable an advanced payload. This allows to abandon the attitude control subsystem and save the related subsystem mass.
Mobility to study surface diversity is a mission requirement.
Still, the mission will be counted as a success if one complete set of science data is gathered at the initial landing site and successfully transmitted to the orbiting spacecraft. The lander will aim to acquire data at a minimum of two different sites in order to sample surface diversity. Considering the necessary durations of data collection and uplink for a minimum of two sites, the lifetime of the lander has to be on the order of 24 -36 h.
The study's target mass of ≈ 10 kg led to the development of a "pod lander" concept -a lander, which can place itself Although imprecise, this hopping mechanism provides a robust mobility system which can overcome the perils of rough asteroid surfaces and enables the lander to travel large distances on rather short time scales. The mobility of the lander allows for a representative surface sampling within its short lifetime, which is limited by the capacity of its non-rechargeable primary batteries.
Mission Sequence
In a manner analogous to the Hayabusa mission, this study assumes the lander is released during a low altitude maneuver of several tens of meters at a relative velocity close to zero.
This leads to an impact velocity on the order of 10 cm/s, a value which must be below the local escape velocity to safeguard the lander against loss following a rebound from a very hard surface. It is further assumed that the orbiter will ascend to an inertial sub-solar position (between the Sun and the asteroid, 5 -10 km altitude) to hover over the asteroid after release of the lander. Therefore, data transmission in the nominal mission sequence is limited to daytime periods only. A third assumption in order to limit the parameter space for this study shall be that day and night have the same length (about 6 h). Of course, the actual hours of daylight depend greatly on the orientation of the asteroid's rotation axis and latitude of the landing site.
For landing and hopping simulations, the initial simplification in our model has been a triaxial ellipsoid asteroid with constant density whose gravitational field is represented using spherical harmonic expansions (see e.g. [32] ). However, we eventually came to the conclusion that spherical harmonic series only converge outside the circumscribing sphere of the el-lipsoid (the so-called "Brillouin sphere"). Severe divergence can happen inside of this sphere, especially the deeper the test point mass is inside of it. Therefore, this approach only works for a simplified orbit analysis of the primary spacecraft, but not to describe the movement of a lander very close to the surface.
A much better approach for the analysis of the lander dynamics is the use of ellipsoidal harmonic expansions which converge outside the body's circumscribing "Brillouin ellipsoid" that is congruent to the hypothetical ellipsoidal asteroid (see [33, 34] for more details). An alternative approach would be to use a polyhedron [35] or a finite element shape model (e.g. consisting of cubes or spheres) [36] to calculate the asteroid's gravity field.
To work around the divergence errors of spherical harmonic expansions, it was necessary to further simplify the asteroid to a sphere with an equivalent radius derived from The lander approaches the target and settles on the surface in an arbitrary orientation after a number of bounces. In this scenario, the side petals are deployed when the craft is at rest and nightfall has occurred, pushing the lander into an upright position. Once the lander is in the appropriate configuration, the MIC, APXS and NIRS will subsequently acquire data. A stereo image is taken following sunrise. Data transmission is triggered by the orbiter sending a specific command. After the uplink has been successfully finished, the lander relocates through hopping, retracts its petals on its initial ballistic trajectory and comes again to a rest on the surface after several bounces. It remains in stand-by until nightfall and repeats its data acquisition, uplink and hopping cycle until the batteries are drained. essary to obtain the measurements as specified in Table 3 acquisition of a pair of stereo images and data uplink, e.g. triggered by a telecommand relayed by the orbiter, the lander is in stand-by mode during the remaining part of the day. The calculated energy consumption for the acquisition of two data sets as listed in Table 3 during two asteroid days, also considering settling and idle times as illustrated, is 108 Wh within a life-time of 26 h.
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© 2011. This manuscript version is made available under the CC-BY-NC-ND 4.0 license. quisition is mainly driven by the long integration time of the APXS (2 -3 h [13, 14] ). However, current developments indicate a significant reduction in integration time for future APXS instruments thanks to a significant increase in sensitivity [38] . The lander is in stand-by for the remaining time of the asteroid day. Accounting for the power which is required by an active thermal control subsystem during night time and by the onboard electronics running in low-power mode during bounces, settling and idle times, the acquisition of two data sets consumes about 108 Wh. Table 3 shows the amount of data accumulated by the instruments which adds to about 10 MB. The Microscopic Imager is likely to produce the largest amount of data, since many images (≈ 60) are necessary due to the very short focal length and resulting depth of field (≈ 40 µm, as estimated for Beagle 2 [16] ).
This results from the fact that the exact focus position is unknown a priori. Different parts inside the field of view will have different focus positions due to surface roughness. Therefore, many images at different focal positions must be taken in order to guarantee that all aspects of the field are in focus within some subset of the dataset. A Lempel-Ziv-Welch (LZW) compression algorithm can effectively reduce the data amount since unfocused pictures compress at a rate exceeding 1 : 40 [16] .
The study assumes an average compression rate of 1 : 10 for data from the Microscopic Imager.
The pictures provided by the Stereo Camera shall be compressed using Wavelet compression at a rate of ≈ 1.8:1 (value taken from ROLIS [39, 40] ). The APXS and NIRS data will be left unaltered. In order to increase the signal-to-noise ratio (SNR) of the NIRS data, ten measurements shall be acquired. Instrument calibrations should be done using the orbiter's power supply before the lander is released.
General Design and Configuration
A proof-of-concept model was created to determine the necessary size and resulting weight. PANIC's general design is illustrated in Figure 2 , while a suggested inner configuration is displayed in Figure 3 and 4. The lander's structure offers a total volume of ≈ 6.75 dm 3 . In its stowed configuration, the entire unit can be circumscribed by a box of ≈ 350 × 320 × 285 mm 3 .
Printed circuit boards 
Subsystems
Nano satellite missions in recent years have demonstrated the use of ruggedized industrial hardware designed for harsh can be covered with foam material protecting the lander during multiple bounces in arbitrary orientations before coming to a final stop. The total mass of an applicable foam material [46] would be less than 50 g (assumed thickness: 5 mm). If the required amount of glue is also taken into account, the impact on the mass budget would be an acceptable additional mass of about 100 g.
Due to the intended use of COTS components, radiation shielding is a main design driver. Although the lifetime of the lander on the surface will be very short, the lander will likely spend many years in space and must have sufficient radiation tolerance for this environment. Due to the absence of a shielding atmosphere, the radiation environment on the surface of an asteroid is considerably higher than on other bodies such as Titan, Venus and Mars. It is assumed that airless bodies also emit secondary radiation from their surface as a result of secondary particle interactions. The received radiation flux on the surface is comparable in value to that received by the orbiter en route to the asteroid [29] .
Assuming low radiation tolerance of COTS components Communication Subsystem (CS). Due to a very short transmission path and the absence of an atmosphere, the communication link is very strong (see Table 4 ). This theoretically enables high data rates with great safety margins in terms of bit error probability at a moderate output power. The limiting factor is available miniature hardware. Data rates of previous small body landers did not exceed 16 kbps (Philae [9] ) or 9.6 kbps (MINERVA [7] ). The CS of the failed Beagle 2 lander was designed to transmit data at a rate up to 128 kbps [31] .
This study assumes very conservative estimates as no high TX output power or transmission time using a higher data rate).
An implemented convolutional coding scheme might still be an option to safeguard the transmitted data against bit errors at a much greater distance than 10 km to the orbiter or other unforeseen difficulties. However, this will double the data volume, increase the required C&DH processing power and software complexity. References to demonstrated miniature communication subsystems which could be adapted can be found in [62, 63] .
The study assumes one PC/104 board for RX and TX each.
Mass Budget. Table 5 gives a detailed summary of PANIC's mass budget. Set margins are 10 % for detailed numbers provided by data sheets, publications or through personal communications, 20 % for derived numbers from adaptable micro satellite hardware, and 30 % when a rough order of magnitude estimate had to be made. The estimated mass of the studied lander using these margin levels is 11.2 kg. A payload-to-mass ratio of 12 % can be derived. The application of an additional 10 % system margin results in a total mass envelope of 12.3 kg.
Conclusions
The study demonstrates that significant surface science on an asteroid can be done with a lander of the 10 kg class. The presented design will be limited to a non-destructive surface analysis without any subsurface access. It will be able to study the bulk geochemical composition with an advanced scientific payload and provide mobility through hopping to investigate surface diversity.
The required orbiter infrastructure and release mechanism have not been studied within this work. The primary spacecraft has to provide a deployment device which safely holds the lander during launch and cruise, keeps it within storage temperature on the interplanetary trajectory, provides power for system checks and instrument calibrations before deployment (to not discharge the lander's primary cells), and releases it with a predefined velocity at the target. Additionally, the orbiter acts as a class. Hence, after performing some additional studies to analyze better the requirements to the individual carrier spacecraft, PANIC could be proposed as a PI-lead instrument and would be an appealing option for any upcoming NEA mission. at NASA Ames who did their utmost to make S4P a success.
